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Cryogeuic frequancy domain optical mass asmory
G. C. Bjorklund, W. Lench® and C. Oreiz"
IEM Research Laboratory, Saa Jose, Califormia 95193

Apscract

Cryogenic frequency domain optical ﬁmnu baged ypon photocheamical hole burning offer the possibility of
storing data at densities of up to 10 bits/ca®. The basic principles of photochemical hole burniang are
ravieved. Recent results on recording materials, data reading and writing, and configurations are presented.

Introduction

The m:iu storage density of conventional optical mesories is limiced by diffraction to s maximus of
108 bies/emé for planar geometries. The phenomenon of photochemical hole burning allows optical frequescy to
bo utilized as sn additional dimension for the orgsnizatiocn of an optical memory.” Up to 103 bies of
tﬂuon m be recorded st each spatial storage location snd spatisl storage densities of 103%108 bies/ca?
or 1041 Bits/cm? are ultisacely possible.

Ia this paper we review the basic principles of photochemical hole burning and prasent new results on
recording msterials, data reading and vriting by FM spectroscopy, and memory configurations.

Photochemical hole burning

Certain lov temperaturs solid state matarials such ss aggregste color centers or molscules in solution have
spectra vhich exhibit relatively sharp inhomogeneously broadened absorption lines with widths dwy varying from
several ca~l in crystalline solids to over 100 ea™ 1l in glasses and polymers. As shown in Figure 1, such
{nhomogencus line i{s the result of tha superposition of many much narrower homogenecus lines of widch 4wy
vhose centar fraquencies are shifted by the random local environmencs in the crystal. The valun of luy 1is
deterained by ucrutic a0lecular relaxation processes and a§ 2K can be as narrvew as 0.00067 ca~l (20 ME., o
crystals snd 0.1 ca™* in glasses., Thus, MAE is typicslly 10 -10% times asrrower than MI
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Figute 1. Howogeneous snd inhomogeneous Figure 2. (a) Inhomogensous Lmnlﬁm bafore
linawidthe for molecules in solid state laser {rradiation. (b) Inhowogenacus lineshape
solutions. after {rradiation with laser at frequency NL'
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The phenocmenon of photochemical hole burning (PHB) occurs when a permsnent photochemical process {s ianduced
by a laser besm tuned to a particular frequency within the inhomogeneous line. The laser radiation interacts
ouly with that subset of molecules, whose local envirounments are such that the laser wavelength {s contained
withia their homogenaous absorprion lines (see Figure 2). Since the photochemistry depletes the population of
this subset, the absorption coefficient at the exact laser wavaelength .uy is reduced. In this way, a permanent
"hels" or dip is produced in the inhomogensocus line profile. For shallow holes, the hole width is equal to

ce wuy. Thus, 107 resolvable holes can be burned ia a given inhomogenecus line. As shown in Figure 3a,

10 wits of information could be racorded at each spatial storage location by the presance or absence of holes
at gpecific frequency locations within the inhomogeneous line.

(a) (b)

—— ALSOIPLIGH ——

. PSS S VU S ¥

011010011101 000100000

——Optical Frequency ——»

0 1110100111100111001100111 0

Tigure 3. (a) lllustration of ianformacion storage by photochemical h“ole burning. Bits of information are
encoded bv the >resence or sbsence of photochemical holes at various frequency locstions of an inhcmogensously
bYroadened abscrpcion line. (b) Sequence of 150 MHz wide photochemical holes burned into a 15 GHz wide portion
of zhe 57464 zero-phonon line of an aggregate color centsr in NaF,

]

" At prasent, the 2ost promisisng aaterials for optical zemories dased upon PHB are the aggregate color
.Senters i3 aikali halide cryscal hosta,=s3 Figure 3b shows a string of binary information recorded by 150 M2
wide holes burned into a porzion of tha 57494 zero-phonon line of an aggregate solor center in NaF, These
holes can “e erased by illuminating the sample with incoherenc UV radiation of 20008 or shorser. Tigurs 4
shovs sroposed zechanismg for the writing and erssing processes. 3oth 2echanisms are based upon electron
tunneling from excitad states.

In addition co possessing good hole-burning properties, these =aterials meet the practical requizements of
stabilicy st room temperature, 30od oOptical quality, reversibility, potential compatability with GaAlAs lasers
(see Tigure 5), and capability of Seing produced in thin films.d Tuig ehin film capability is {mportaat, in
order =5 achieve storage densities of 1011 bi:l/caz. it is necassary to utilize tightly focused laser deans
with limited depth af Zocus.
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Data reading and writing using ¥M spectroscopy

In order to effactively utilize the very large storage capabilities vhich PHB aemories offer, it is
necassary to develop means for rapidly vriting data into and reading data out of the memory. BSoth the writing
and reading speeds are limicted by the time delay in sccessing the desired spatial location sad by the time
dalsy encountered in tuning the laser to the desired optical frequency. Ia addition, the writiag speed is
limited dy the intrinsic rata of the hole burning photochemistry, while the reading speed is limited by the
dvell time necessary to detact the presence or absence of & hole with sufficient signal to toisa.

o™ I BT SRR T
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The newly developed technique of fraquancy modulacion (M) metraeopy"‘ allows rapid laser fraquemcy
tuning and rapid datsction of the holes. This technique utilizes widely speced optical FM sidebands to read
or write the holes. The TM apticsl spectzum is produced by passing tie output of a single frequemcy laser
oscillating st optical frequency V. through a phase modulator driven at radio frequency Vv, to produce &

carrier at v, and two sidebands of v.iv,. Up to 200 CHs of optical frequency csm be sccessed by tuailag v,
with v_ fixed.
c

figure 6 shows a typical experimental arrangement for detecting a hole by ™M spectroscopy. The MM light 1s t
incident on a sample coutaining & narvew spectral festure (the hole). The values of v, avd are such that 3
the spectral feature is probed by a single isolated sideband. The sidebands thus experience different amounts -
of abserption in traversing the sample. This distortion of the FM spectrum results ia a hstaredyne beat
signal st the rf sodulation frequency vy that is picked up by the fast photodetector which momitors the
emerging beam. The strength of the absorption or dispersion associated with the hole is determined by
messuring the phase and strength of the beat signal. The advancages of FM spectroscopy for reading are that
thers {s no sigoal unless the sidebands are unbalanced, the narrow linewidth of the origiscal laser source is
preserved, the hole 1is exposed to very low power densitiee, and the sensitivity caa be shot notse limiced.
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Data resding and writing using FM spectroscopy

Ia order to effectively utilize the very large storage capabilities which PHB memories offer, it is
necessary to develop mesans for rapidly writing dats into and reading data out of the semory. Both the writing
and reading speeds are linmited Dy the tise delay in accessing the desired spacial location and by the time
dalay sncountered in tuning the laser to the desired optical frequency. Ia addition, the writing speed ia
limited by the intriasic rats of the hole burning photochemistry, vhile the reading speed is limited by the
dwell time necessary to detect the presence or absence of a hole with sufficienc signal to noise.

The newly developed tschaique of fraquency sodulation (M) me:rueopy“‘ allows rapid laser frequency
cuning and rapid detsction of the holes. This technique utilizes widely spaced optical MM gidebsuds to read
or write the holes. The M optical spectrum is produced by passiag ti output of a single frequency laser
oseillsting at optical frequency V, through a phase modulator driven at radio fraqueacy Vy to produce &
CATTIer at V. and two sidebands of vetv,. Up te 200 GHz of oprical frequency can be sccessed by tuning v,
with v_ fixed.

e

Tigure § sbows a typical axperimentsal arrangemeat for datecting a hole by FM spectroscopy. The ™ lighe is
{neident on a sample containing & narrow spectrsl festurs (cthe hole). The values of v, and are such that
the spectral featura is proded by a single isolaced sideband. The sidebands thus experieacs different smounts
of sbsorption im traversing the sample. This distortiom of the FM spectrum results in s heterodyns beat
signal at the rf sodulation frequency Vg that is picked up by the fast photodetector which monitors the
emarging beam, The scrength of the sbsorptien or dispersion associated with tha hole is deaternined by
seasuring the phase snd strength of the deat signal. The advantages of FM gpectroscopy for reading are that
there 1s 00 signal unless the sidebands ara unbalanced, the marrovw linevidth of the origimsl laser source is
preserved, the hole 1s exposed to very low power deasitiss, sad the sensitivicy can be shoc acise limited,
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Figure 7 indicatas a somewhat different arrangemant. Here, the value of vy, is held constant st a value
nesr 100 MHz and ve 1s varied by tuning che laser. The sidaband spacing i{s now less thsp the width of the
hole and the resulting FM spectroscopy signal gives the darivative of the hole lineshape. Figure 8 shows a
typical ixparimeatal FM spectrogscopy signal chsracteristic of a single photochemical hole and Figure 9 shows
data proviang that photochemical holes can be detected in microseconds using this method.

E,i0 Eji0 €40 4
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) Optical Frequency —— - >
Figure 5. (a) A typical experizental Figure 7. Frequency domain illuscracion
arrangement {or ©M spectroscopy. of derivative FM spectroscopy.
<3) Frequeacy domain illustracion

3f ™M spectroscopy.

The Zastest reading and sriting speeds could be schieved using a zultiplex version of 7 spectrosiopy. The
cartiar {Tequency

would be supplied by & fixed frequency laser operating at an optical frequency nvear to,
4e 2ot coincident with, the imhomogeneous absorpeion band. The phase modulator would be driven

sizultanecusly at 1 different RF frequencies, w1, w2, ..., wg and o pairs of upper and lover FM sidebanda
would e produced st Irequencies woluy, wW,W3, ...e weiwg. Thus, as shown {n Figure 10, each sideband would
stobe a4 separate optical frequency locatienm.

lesding would be accomplished By producing weak sidebands ac all possible hole locations and monitoring the

iight azarging from the sampla. The presence or absence of a h0le at a given optical frequency wauld be
dater=ined Sy moaitoring the intensity of the corresponding RF beat signal.

If 1000 sidebands spaced bv
130 'z were utilized, 2omplete resading of sll of the inforsacion encodad at a specific spatial storage
ocation could cheoretically be accomplished in less than 100 asec, tesulting in burst reading data rates of
1343 size/sec.

wrpitisng would be accomplishad »y driving the phase sodulator with incenss RF Zields st selected
ireguencies. 7Tals would produce strong simulcaneous ™M sidebands at the Iraquency locations where hole
suraiag would b“e desired.

only she ippar ™ sidebands would durn holes, since the carrier aad lowver sidebands
wouli =0t de within the iahomogeceous absorstica “ands.,
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Tigure 3.

Absorption
4+

Experizental FM spectroscopy signal
characteristic of a single photochemical hole.

T S S o e o e e it

Figure 9. Experizencal demonstration of
fast detection of a photochemical hole
using M spectroscopy. The figure om the
left shows a photochemical hola detected
using standsrd excitation spectroscopy and
signal averaging. The figure om the right
shows the FM spectroscopy signal arising
whea the laser besm was chopped ta foram a
train of widely separated usec duracion
pulses.
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PHB memory configuracions

Tha derivative FM spectroscopy approsch illustrated ia Figures 7, 8 and 9 provides the basis for a memory
configurscion vhich is equivalent to a very large direct access storage device (DASD) system. In today's
cechnology, DASD devices are based on inductive magnetic recovding om disks.

Figure 11 shows the reading and writing timing diagram for this configuration. The laser frequency is
tepetitively ramped between gy, and ug,, 8t & 30 kHz rate. This type of scanning can easily be achieved with
current tunad GaAlAs lasers. Thus every 30 usec, the laser is scanned ovar the inhomogeneous lins., For
vriting, the effective photocheaical hole burning rate is controlled by & time varying external gating
voltage. This gacing could be achieved, for inatance, by driving a fast light gate placed in fromt of the
recording Jedium of by using an external field to conmtrol the quancum yield of the hole burning process
itself. Forv reading, the laser is FM modulated at wy less than or equal to the hole width and the raw
derivative M signal monitored as a functiom of time. The differeaciaticn process effectively suppresses the
slowly verying inhomogeneous lineshape. Pulse shaping electronics sre employed to reproduce the original data
pulse shapes.
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Figure 11 shows a multiple arm memory system constructed using these principles. The centralized
components consist of the current tuned GaAlAs laser, the phase modulator and driver, an array of
64 photodetectors followed by double balanced mixers, an array of 66 aelg; drivers, and a 100 spot
acousto-optic deflector for arm selection. Each arm consists of a logxlo spot XY galvonometer driven mirrer
pair, a holographic optical element which acts both as a focusing lens and 64x beam multiplexer, and an array
of 64 l-ca squares of recording medium. The 100 arms are contained in a 1 o’ LHa cryostat.
Each l-ca square of recording medium eonnins 106 spatial storage locations and hence ].03"1.(:)6 or :l.!)9 bics
of informacion. Each atz thus contains 6.4x1010 bies and the ncts- system contains 6.4x1012 bits. The data
i{s organized into 6,4x10" bit pages, sach defined to consist of 10° time domain bits flowing in the
64 parallel data channels. The time to read or write s page is thus 30 usec.

Since galvonometer driven mirrors have settle times on the order of 3 msec, only 12 of the time for each
arm is spent reading or writing data. The remaining 997 of the tima (s effectively dead time while the

2UTTOTS are 30ving to the next positiom. This makes possible time sharing of the centralized components amoug
the 100 arms to {insure that data is being read or written iato one of the arms at all times. Thus the average

data rate is on the order of 2x10% bits/sec. Data erasing is most easily accomplished on an arm-by-erm basis
using flood illumination from a UV lamp.

EO Deflector Plus Muitiplex FM Spectroscopy

Phase
Modulator Phatodetector
|
. One
Fixed
Frequency £0O deflector 2"“".:::0 rding
Laser Medium
1000 1000 poe ;
Channels Channeis E g:g'z:‘m
IN ouT
1 usec RAT to any 1.0 Kbit page
100 nsec to read/write page
0.1 gbyte capacity
10 gbit/sec burst data rate

{1 gbit/sec average data rate 1,000,000 1/0 per sec)

Figure 13, Msmory comfiguration using multiplex FM spectroscopy and
diectro-optic beam deflection.

The aultiplex M spectroscopy approach iLllustrated im Figure 9 coupled with electro-optic beam deflection
provides the dasis for an unusual zemory configuratiom with extrsmely high data rates and fast random access
tizes, >ut with limited totsl storage cepacity. Figure 13 shows the overall secup. The outpuc of the Sixed
{zequencr laser is passed through the phase modulator driven simultanecusly at 1000 different RF frequencies.
for «ricing, the iatensity of each of the AF fields is directly controlled by the corresponding input data
chansel. The laser beam is next passed through a 106 spot electro-optic deflector with 1 isec randem access
tize to each spot and Zocused onto & l-ca square of recording nedium., Reading is accomplighed bdv utiliziag
shase-sensitive aulciplex electronics to analyze the photodetector output and drive the 1000 parallel data
sutrut channels,
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The total memory capacity would be ).03*106 or 109 bits of {nformation. The data is organized iato 1000 bit
pages, each defined to consist of 1 time domain bit flowing in 1000 parsllel data chaannels. The time to read
or write s page is 100 asec, corresponding to & burst data rate of 1010 bits/sec. The average data rate {s
limited by the random access time to 107 bits/sec.

The work vas partially supported by the Office of Naval Research.

'Pcruan.n: address: MIT Lincoln Laboratory, Lexington, Massachusetts
'.?eruanen: address: Instituto de Optica, Serrano 121, Madrid 6, Spain
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